[1] In north China, most earthquakes occur at depths of 10-25 km and are considered to be the direct result of deformation or rupture of the brittle upper crustal layer. To describe this mechanism, a planar horizontal negative dislocation plane is used to represent the force of action of the lower crustal layer on an overlying brittle upper crust layer. An area around Beijing in north China has been chosen for applying this negative dislocation layer assumption. A GPS network (Capital Circle GPS Network, CCGN), has been set up for monitoring crust deformations since 1992. In this paper, observations from 1992, 1995, and 1996 GPS surveying campaigns were used to determine model parameters of a negative dislocation layer. Using a Bayesian inversion procedure, more than 95% of data residuals are found to be <2 mm/yr, indicating that the negative dislocation layer model can fit GPS data well. The inversion results show that the local tectonic movement is À2 ± 1 mm/yr in the north and 7 ± 1 mm/yr in the east, and the high negative dislocation rates occur mainly in the south part of the north Taihang mountain zone with a magnitude of $4 ± 1 mm/yr, and the east part of the Yan mountain zone with a magnitude of $3 ± 1 mm/yr. By applying this negative dislocation layer model, the continuous GPS surveying data can be inverted to determine the negative dislocation rate distributions in the middle or upper seismogenic crust layer, so as to predict the locations of potential earthquake sources.
Introduction
[2] China is located in the southeast front of the Eurasia Plate (Figure 1 ). Its tectonic movements are mainly controlled by the interplate collision between the India Plate and Eurasia Plate at the southwest boundary and the subduction of the west Pacific Plate and Philippine Plate under the Eurasia Plate at the southeast boundary [Ye et al., 1987; Ma, 1989] . The India-Eurasia plate collision causes the Tibetan Plateau to rise and move toward the northeast [Molnar and Tapponnier, 1975; Peltzer et al., 1989; Royden et al., 1997] . The tectonic movements of the Tibetan Plateau further push north China along the southwest boundary of the Ordos block in the east direction (Figure 1 ). The space geodetic surveys since 1990 show that the north China block moves at $5 -11 mm/yr in the southeast direction relative to the Eurasia Plate [Shen et al., 2000; Wang et al., 2001] . This is in accord with the local tectonic movements noted from geological investigations [Ma, 1989; Northrup et al., 1995] . Local tectonic movements are controlled by surrounding plate movements and interior mantle convections, and they are usually assumed to be constant both in their direction and magnitude in hundreds of years [Matsu'ura et al., 1986; Wu, 1999] . Li and Rice [1987] and Roy and Royden [2000] proposed a base traction model to describe the crust deformations in plate boundaries. A constant shear flow zone is supposed to exist in depth under the plate boundary. Their models have successfully explained data from geodetic and geological investigation at strike-slip plate boundaries. However, for an intraplate area, such as north China, neither significant active strikeslip faults nor a shear flow zone in depth exist as in the transform plate boundary. Instead, a uniform lower crust flow is assumed to exist at depth, and the overlying upper crust is believed to move and deform as a whole unit. Their models will therefore not be suitable to this case. On the other hand, a layer with horizontal stress accumulation really exists in depth in the North China Basin [Zeng et al., 1995] . This evidence supports our uniform lower crust flow assumption. In this paper, we propose a horizontal negative dislocation layer model to describe the crustal deformation in the intraplate area such as north China.
[3] Because of anisotropic rock strength and geological structures in the upper crust, the uniform local tectonic movement imposed in the lower crust can lead to impeded patches between the lower and upper crustal layers. The observed crustal deformations at the surface are then the superposition of steady local tectonic movements and those caused by impeded patches on the lower moving crustal layer.
[4] In the following, a horizontal layer of negative dislocation distributions is first proposed to represent the impeded patches or stress accumulation in depth. Then the velocities of the CCGN stations obtained by GPS surveys are used to determine the negative dislocation distributions at a specific depth through a Bayesian inverse procedure. The inversion results show that the layer dislocation model can fit GPS observations very well and the high negative dislocation rates are located in the south part of the north Taihang mountain zone and the east part of Yan mountain zone.
Methodology
[5] In the Earth's crust, tectonic movements originate from the movement of the deep bottom layer and pass to the upper layer [Li and Rice, 1987; Roy and Royden, 2000] . Li and Rice [1987] proposed the base traction model which takes into account the coupling between the viscously relaxing asthenosphere-like lower crustal layer and the overlying elastic middle and upper crusts. They think the asthenosphere-like lower crustal layer moves at a stable velocity and drives the overlying upper crust. Roy and Royden [2000] proposed a rheological model to relate surface deformations to the stress transmission in the crust. However, their models are based on the transform plate boundary zone and are difficult to apply to an intraplate area. For an intraplate area, such as north China, we assume that crustal deformation is mainly caused by the coupling between the uniform lower crust flow and the overlying brittle upper crust. There exist no shear flow zones at depth as in the transform boundary. The upper crustal layer more likely deforms as a whole unit. On the other hand, because of anisotropic rock strength and geological structures in the passive upper crust layer, the induced movements and deformation in the upper crust will be heterogeneous. Some impeded patches will be formed at depth (Figure 2) . These patches will cause deformation in the overlying crustal layer and further cause faulting or earthquakes around their boundaries in the upper crust. We further assume that the crustal deformation caused by these impeded patches can be represented by a negative dislocation model [Matsu'ura et al., 1986; Wu, 1999] .
[6] So, the site velocities observed are equal to the sum of the constant local tectonic movement and the deformation rate caused by a number of impeded patches in depth ( Figure 2 ). Furthermore, a horizontal plane with variable negative dislocation distributions will be used to describe the crustal deformations of all the impeded patches in depth. So, we get:
where y is the vector of observed velocities of GPS stations, e is the random observation error vector, V is the velocity vector of the constant local tectonic movement, and f AE is the deformation rate vector of functions by the horizontal planar negative dislocation layer AE. Obviously, this is a first-order approximation of the real crust deformation because we have omitted the possible effects caused by induced faulting in the upper crust layer. We believe that these effects are small during our surveying periods. According to the dislocation solutions in semi-infinite isotropic elastic medium by Okada [1985] , f AE is a function of the V is the velocity of the constant local tectonic movement, y is ground surface site movement observed, and AE is the supposed negative dislocation layer in depth.
geometrical parameters of a dislocation plane such as the length, width, dip angle, and the dislocation values distributed on AE. If the geometrical parameters are fixed, f AE will be a linear function of dislocation values. In our model, we divide the planar horizontal negative dislocation plane in depth into N Â M grids with grid step of ÁS N and ÁS M in the north and east, respectively, and suppose that the geometrical parameters of the negative dislocation layer are known and fixed; then the observation (1) can be written as
where U 1ij , U 2ij are the strike and dip (i.e., east and north) components of the dislocation rate of the ijth grid on the dislocation plane AE (for simplicity, we have omitted the tensile dislocation components in this research work). The least squares method can be used for determining the dislocation distributions if the number of observations is greater than the number of total unknown parameters based on equation (2). However, to get a detailed distribution of negative dislocation distributions, the grid step should be small, e.g., 30 0 or 10 0 ; then the unknown parameters will be increased dramatically and will be larger than the number of observations. Equation (2) will be underdetermined. In this case, a Bayesian inverse procedure [Matsu'ura et al., 1986; Wu, 1999] will be used to determine the unknown parameters by supplying additional a priori information of unknown parameters. In our inversion work, the a priori information for the unknown dislocation values will be supposed to obey a normal distribution with expectation zero and a known covariance, AE x , that is,
where x is the unknown parameter vector of the negative dislocation components of all grids and the local tectonic movement velocity, i.e.,
x ¼ U 111 ; U 211 ; ::::::;
V N , V E are north and east components of the local tectonic velocity V, x 0 is the a priori value, e is the corresponding random error vector, and
On the basis of equation (4), equation (2) can be rewritten as
where
Similarly, we suppose that the observational random errors in equation (6) follow the normal distribution, i.e.,
where AE y is a covariance matrix of observation data, which can be filled with the known variances of observed GPS velocities.
[7] On the basis of the Bayesian inversion method, an iteration procedure for solving x is listed as follows [Matsu'ura et al., 1986 ]:
the subscript k indicates the iteration times (k = 0, 1, 2,. . .), and the elements of the matrix A k are calculated by
where b k is a step factor, 0 < b k 1; x 0 is the start value vector of x, i.e., a priori value vector of model parameters.
[8] According to the Bayesian inversion theorem, when the solution of model parameters with maximum a posteriori probability is obtained, then equation (11) should be equal to zero [Wu, 1999] . So a small positive value g is assigned as the threshold to determine the end of the iteration. The solution can be defined aŝ
Accordingly, the accuracy of the solution can be expressed by the approximate covariance matrix [Jackson and Matsu'ura, 1985] :
and data residuals can be calculated by
GPS Data and Inversion Results
[9] The CCGN was set up in 1992 with the aim of monitoring crustal deformation around the Beijing area. The First Crustal Deformation Monitoring Center (FCDMC) of the China Seismological Bureau is responsible for the GPS surveying of CCGN. In 1992 , and 1996 , three GPS surveying campaigns were conducted. Table 1 shows the total number of GPS sites, observation sessions at each site, and GPS receivers used in each GPS campaign.
[10] Shen et al. [2000] processed the GPS surveying data using the GAMIT and QOCA software in a four-step approach. About 16 IGS stations were included in the data processing to ensure a homogenous solution. Parameters of the GPS antenna phase center of each GPS receiver were introduced in data processing to obtain accurate results.
The velocity solutions of GPS sites are constrained to the NNR (No-Net-Rotation) NUVEL-1A model [DeMets et al., 1990 [DeMets et al., , 1994 , and accurate to $2 mm/yr. The velocities obtained show that the north China region is moving at $5 -11 mm/yr southeastward relative to the stable Eurasia Plate. In this paper we use the velocities of GPS sites published by Shen et al. [2000] . Figure 3 shows the residual GPS station velocities relative to the NNR-NUVEL-1A model in our research area. These residual velocities represent the recent local tectonic movements and crustal deformations and can be inverted to determine both the local horizontal tectonic velocities and the negative dislocation distributions on a planar horizontal layer in depth.
[11] In view of the limitation of the GPS data coverage of CCGN, we choose the rectangular area (dashed box in Figure 3 ), north latitude from 36°to 42°and east longitude from 112°to 120°, to determine its planar negative dislocation distributions in depth. On the basis of the statistics on the depths of historical earthquakes in our research area (Figure 4) , we set the depth of the planar horizontal negative dislocation plane at 15 km. The grid size of the dislocation plane was set at 30 0 both in the east and north directions. The a priori and a posteriori values of model parameters are listed in Table 2 . Also, the negative dislocation distributions obtained are displayed in Figure 5 . The distributions of data residuals of each GPS site velocity after inversion are drawn in Figure 6 .
Discussion and Conclusion

Uniform Lower Crustal Layer Flow in North China and Implementation of Negative Dislocation Layer
[12] According to Zeng et al. [1995] the stress field in the North China Basin is a kind of normal faulting regime in the upper crust of less than 8 km, i.e., s z > s x > s y (where s x , s y are horizontal major stress components and s z is the vertical stress component), but in the middle or lower crust (12 -20 km), the focal mechanism of earthquakes shows a stress field of a strike slip faulting, i.e., s x > s z > s y , which means that the horizontal stresses are increased greatly in the middle or lower crust layer. In addition, the focal mechanisms of both the 1976 Tangshan earthquake (M = 7.8) and Figure 3 . GPS sites residual velocities in north China (based on the work by Shen et al. [2000] ). Solid arrows are site residual velocities with respect to stable Eurasia Plate based on NNR-NUVEL-1A. Each arrow originates at the location of the station and points to its motion direction. The error ellipses represent 95% confidence. The dashed box is our research area and where the negative dislocation distributions in depth are to be determined.
1966 Xingtai earthquake (M = 7.2) are strike-slip faults (s x > s z > s y ) [Zeng et al., 1995] . Both of these two large earthquakes are located in our research area. We believe that the increase in the horizontal stress in the lower or middle crust layer is induced by a steady flow of a thick layer of lower crust or even upper mantle. This lower crust steady flow represents the local neotectonic movements. It can be described by reference to a uniform lower crust layer flow in deep depth. This lower crust layer flow drives the overlying upper brittle crust layer to move and deform, even though the mechanism driving the lower crust flow is not clear at this moment.
[13] On the other hand, the depths of most significant earthquakes in north China are 10-25 km (Figure 4 ). For example, the depth of the Xingtai earthquake is 15-20 km, and the depth of Tangshan earthquake is $10 km. So a negative dislocation plane at 10-20 km will be reasonable to approximate the crust deformation caused by stress accumulations or impeded patches in depth. In our inversion work, we have chosen the planar negative dislocation plane in depths of 8, 10, 15, 25, and 30 km individually and the grid size at 30 0 both in the north and east. The distribution patterns of negative dislocation rates obtained are similar. The magnitude of negative dislocation rates increases with the depth of the planar negative dislocation plane. The sum of residual squares also increases with the depth of the planar negative dislocation plane. However, when the depth of the planar negative dislocation plane is 15 km, the data residual distribution approximates well to a normal distribution and the 95% residuals are less than 2 mm/yr (Figure 6 ). In addition, for considering the effects of grid size, we have chosen a grid size of 18 0 and a depth of 15 km; the sum of data residual squares increased about twice of the same depth and with grid size of 30 0 , which implies that our observations are too sparse to allow us to find a more dense distribution of negative dislocation rates in depth. In the following, we only show and discuss the inversion results at a depth of 15 km and a grid size of 30 0 .
Inversion Results and the Uncertainties
[14] As mentioned in section 3, the dashed line area in Figure 3 is chosen to determine the planar negative dislocation rate distributions in depth. We only choose the GPS stations near this specific area for inversion calculations. Sixty GPS station velocities are used. The grid size of the negative dislocation plane is 30 0 , so there are in total 192 grids for determining their negative dislocation rates. Because we fixed the geometric parameters of the dislocation plane (each grid), the inversion problem here is linear, but it is underdetermined. The number of unknown parameters (386) is greater than the number of observations (120). The a priori information of the unknown parameters must be given in accordance with the Bayesian inversion procedures for obtaining unique solutions [Matsu'ura et al., 1986] .
[15] We set the a priori negative dislocation rates of all grids at 0 and with a standard deviation of 5 mm/yr (Table 2) . This assumes that the whole upper crust layer is moving at the same rate as the lower crust layer, and there are initially no impeded patches between two layers. The uncertainty of ±5 mm/yr is assigned for considering the possible order of magnitude of velocities at depth. Actually, we have assigned 3 mm/yr as the standard deviation of the a priori negative dislocation rates; the inversion results obtained are almost the same. The a priori values of the local tectonic movements are set at À5 ± 2 mm/yr in the north and 11 ± 2 mm/yr in the east (Table 2 ). This is the largest velocity of GPS stations observed. To consider the effects of initial values of tectonic movements, we have set a priori values of the local tectonic movements to be 0 ± 2 mm/yr both for the north and east components; the results obtained are almost the same.
[16] From Figure 6 , we can see that more than 95% of data residuals between model predictions and observations are smaller than 2 mm/yr, and none are greater than 3 mm/yr, which is comparable to the accuracy of the observations. The local tectonic movement velocities obtained are À2 ± 1 mm/yr in the north components and 7 ± 1 mm/yr in the east components (Table 2 ). This is a little larger than the geological investigations, 4 mm/yr in the east [Ma, 1989] .
Negative Dislocation Rate Distributions and Potential Earthquake Sources
[17] The negative dislocation rate distributions obtained are significant mainly in the south part of the north Taihang mountain zone and the east part of the Yan mountain zone (Figure 5 ), where the boundary lies between the North China Basin and the east Ordos block and Yan mountain areas, and where the upper crust layer displays obvious transverse heterogeneity in geological structures.
[18] The negative dislocation rates of the south part of the north Taihang mountain zone obtained are different from that of the east part of the Yan mountain zone in their directions. At the south part of the north Taihang mountain zone the negative dislocation rates mainly point toward the southeast, close to the direction of the local tectonic movement, and the largest magnitude of the negative dislocation rate is $4 ± 1 mm/yr. However, at the east part of the Yan mountain zone, the negative dislocation rates mainly point toward the north or northwest, and the magnitude of the negative dislocation rate is $3 ± 1 mm/yr. Because the negative dislocation rate is opposite to the real relative movements [Matsu'ura et al., 1986; Wu, 1999] , the south part of the north Taihang mountain zone shows a slowdown of the upper crustal layer. That means some impeded patches exist in the depth. The east part of the Yan mountain zone shows that the negative dislocation rates are almost perpendicular or opposite to the obtained local tectonic movement direction. This conflicts somewhat with our proposed model; there must be some local effects not accounted for in our model in the east part of the Yan mountain zone.
[19] In an intraplate area, such as north China, we believe that faults rupture in the brittle upper crust, not between layers. Because the significant negative dislocation area corresponds to significant impeded patches, its boundary in the upper crust should be the potential location of ruptures and earthquakes. Fortunately, no earthquakes with magnitude greater than 4.5 occurred during 1992-1996 in our research area. After 1996, however, some significant earthquakes occurred. We have drawn the locations of earthquakes with magnitude greater than 4.5 after 1996 in Figure 5 . Their locations seem to support our boundary rupture assertion above. We also draw Quaternary active faults [Ma, 1989] in Figure 5 . Across the fault trace, the direction of the negative dislocation rate changes significantly. This also supports our assertion that ruptures occurred at the boundary of impeded patches in depth.
Limitations and Improvements
[20] The time span of our GPS data used is $4 years (1992) (1993) (1994) (1995) (1996) . This is relatively short at the scale of local tectonic processes. The GPS velocities obtained are easily affected by some intermittent non-tectonic events, such as changes in the under groundwater table in short time periods, creeps of some existing shallow fault and so on. In addition, the data are relatively sparse compared to our 30 0 grid size density or even higher-density grid size used in outlining the boundary of impeded patches. These shortcomings limit our inversion results, making this something of an initial stage in an ongoing investigation. However, with the continued monitoring of the GPS surveys and increases in the density of the GPS sites (and perhaps the inclusion of other crust deformation data, such as spirit leveling, strains, tilts, and even INSAR observations) and the consideration of intermittent surface movements and active fault movements at surface, the proposed methodology in this paper shows a possible way to determine the locations and strength of impeded patches, so as to recognize the potential earthquake sources in the intraplate area. 
